Plasmodium falciparum liver-stage antigen 1 (LSA1) is expressed exclusively in the liver stage of parasite development (17). The native LSA1 protein has a large central repeat region containing over 83 slightly degenerate 17-amino-acid repeat segments, flanked by two highly conserved N-and C-terminal regions. The lsa1 gene encodes a 230-kDa protein whose expression begins shortly after sporozoite invasion of the liver hepatocyte and increases rapidly with liver-stage development (13, 17). The LSA1 protein has been described as forming a flocculent mass surrounding the thousands of developing parasite nuclei and pseudocytomeres and is microscopically observed localized between the plasmalemma and the parasitophorous vacuole membranes inside the infected hepatocyte cytoplasm. Later in development the LSA1 protein has been detected adhering to emerging mature liver merozoites (13).
Plasmodium falciparum liver-stage antigen 1 (LSA1) is expressed exclusively in the liver stage of parasite development (17) . The native LSA1 protein has a large central repeat region containing over 83 slightly degenerate 17-amino-acid repeat segments, flanked by two highly conserved N-and C-terminal regions. The lsa1 gene encodes a 230-kDa protein whose expression begins shortly after sporozoite invasion of the liver hepatocyte and increases rapidly with liver-stage development (13, 17) . The LSA1 protein has been described as forming a flocculent mass surrounding the thousands of developing parasite nuclei and pseudocytomeres and is microscopically observed localized between the plasmalemma and the parasitophorous vacuole membranes inside the infected hepatocyte cytoplasm. Later in development the LSA1 protein has been detected adhering to emerging mature liver merozoites (13) .
It has been demonstrated that complete resistance to malaria infection can be induced in rodents and humans by prior injection, by needle or mosquito bite, of gamma-irradiated sporozoites (␥-spz) and that the mechanism of immunity is, in large part, due to major histocompatibility complex class I-restricted CD8
ϩ gamma interferon (IFN-␥)-secreting T cells directed against antigens expressed by malaria-infected hepatocytes (8-10, 12, 16, 17, 22, 23) . Furthermore, the effector cells of this immune response target primarily liver-stage developing merozoites and not sporozoites before their entry into hepatocytes. In mice, the developing attenuated liver-stage parasites resulting from the irradiated sporozoites must be present at the time of normal sporozoite challenge for immunity to be manifested (16, 22, 27, 39) . In humans, the protection induced by the gamma-irradiated sporozoite model is effective against homologous and heterologous parasite strain challenge, indicating that the antigen(s) responsible is relatively conserved. The role of specific anti-LSA1 immune responses in this protection is evident. It has been reported that human volunteers exposed to a protective dose of P. falciparum irradiated sporozoites develop LSA1 peptide-specific proliferative T cells (17, 20) . In addition, epidemiologic studies have reinforced the association of LSA1 to disease resistance or severity among individuals living in areas where malaria is endemic. Studies of antibody (Ab) and CD4 ϩ or CD8 ϩ T-cell responses measured by antigenic specific cellular proliferation, cytokine production (primarily IFN-␥ and interleukin-10 [IL-10]), and presence of cytotoxic lymphocytes has been demonstrated in residents of various areas where malaria is endemic (6, 11, 25, 35) . Although these data should be interpreted cautiously given the differing ethnicities and ages of the subjects and variety of immunologic assays used, it appears that IFN-␥ and IL-10 responses by CD8 ϩ and/or CD4 ϩ T cells stimulated with LSA1 correlate with resistance to reinfection (18, 24, (29) (30) (31) .
In order to assess the ability of a recombinant LSA1 protein to induce a potentially protective immune response, our laboratory has made a parasite-to-bacteria codon-harmonized gene encoding part of the P. falciparum (3D7 strain) LSA1 protein and expressed it in bacteria (15) . This recombinant protein, Falciparum Malaria Protein-011 (FMP011), is a 54-kDa, 456-amino-acid hexahistadine affinity-tagged polypeptide containing the N terminus, two slightly differing 17-amino-acid repeat units, and the C-terminal portion of the LSA1 protein (Fig. 1) . We have purified the clinical-grade recombinant product under current Good Manufacturing Practice conditions and are evaluating its safety and immunogenicity in mice before advancing it into primate and, ultimately, human clinical trials. For the preclinical and clinical trials, we have chosen to test FMP011 formulated with GlaxoSmithKline Biologicals' (GSK) proprietary adjuvants AS02A and AS01B. AS02A has been used previously as an adjuvant with three other malaria vaccine candidates, RTS,S (1, 2), MSP1, and AMA1 (3). AS02A is an oil-in-water emulsion mixed with the two immunostimulants monophosphoryl lipid A (MPL; GSK, Seattle, WA) and the saponin derivative QS-21 (Antigenics, Lexington, MA). AS01B, a new experimental adjuvant, is a manufacturing proprietary liposomal formulation with the same proportions of MPL and QS-21 found in AS02A.
MATERIALS AND METHODS

Animals and protocols. BALB/c (H-2
d ), A/J (H-2 k ), and C57BL/6J (H-2 b ) female mice, 6 to 8 weeks old, were purchased from Jackson Laboratory (Bar Harbor, ME). All animal-involved protocols were reviewed and approved by the Walter Reed Army Institute of Research IACUC. All work was conducted in compliance with the Animal Welfare Act and other federal statutes and regulations relating to animals and experiments involving animals and adhered to principles stated in the Guide for the Care and Use of Laboratory Animals (National Research Council, 1996) .
Recombinant protein and peptides. FMP011 expression, purification, and lyophilization has been detailed elsewhere (15) . Lot 1204 was used in these experiments. Stability, osmolarity, pH, and potency studies have shown no change in the protein over 18 months. Fifteenmer peptides overlapping by 11 amino acids spanning the entire FMP011 protein were synthesized (GenScript, Piscataway, NJ) to be used in ELISpot analysis (Fig. 1) . The peptides, dissolved in dimethyl sulfoxide, were used singly or pooled as described in Table 1 .
Adjuvants and formulation. Clinical-grade AS01B and AS02A was provided by GSK under a Cooperative Research and Development Agreement between GSK and Walter Reed Army Institute of Research. Liquid adjuvant (0.6 ml) was added to vialed lyophilized protein (60 g) and mixed by gentle swirling for 1 min for a final antigen concentration of 100 g/ml. The formulated protein was administered within 1 h after addition of the adjuvant. However, analysis of protein stability and integrity by sodium dodecyl sulfate-polyacrylamide gel electrophoresis on formulated samples held at 4°C for up to 24 h has shown no degradation of the FMP011 protein (data not shown).
Immunizations. FMP011 (10 g/100 l) was prepared in AS01B or AS02A. Mice were injected intramuscularly with 50 l of the prepared formulation in each of the left and right posterior thighs on a 0-, 14-, and 28-day schedule unless otherwise noted. The dosage was chosen after dosage-ranging studies to find the minimum amount needed to induce detectable FMP011-specific antibody by enzyme-linked immunosorbent assay (ELISA) in 100% of the mice. Control animals were similarly injected intramuscularly with 100 l of AS01B or AS02A adjuvant alone on a schedule similar to that of the test antigen formulation.
Blood collection. Blood (300 l) was collected into a heparinized tube after incision of the tail vein. Samples were usually collected before each injection and then at 1, 2, 5, and 7 weeks after the final injection, unless otherwise noted. Cells were pelleted by centrifugation, and serum was collected for determination of Ab titer against FMP011 by ELISA.
ELISA. Reactions were done in 96-well plates (Dynex, Chantilly, VA) as described previously (40) . After initial protein coating of the wells with FMP011 (0.25 g/ml), the plates were blocked with 0.5% casein, 1% Tween (SigmaAldrich, St. Louis, MO) in phosphate-buffered saline, pH 7.1 (PBS). Primary mouse Ab was detected by goat anti-mouse immunoglobulin G-biotinylated horseradish peroxidase-conjugated Ab (Southern Biotechnology Associates, Birmingham, AL) and developed using 2,2Ј-azino-di-[3-ethylbenzthiazoline sulfonate]-peroxidase (ABTS) substrate (Kirkegaard & Perry Laboratories, Gaithersburg, MD), and the optical density (OD) determination was made at 414 nm.
ELISpot assay for enumeration of IFN-␥-producing cells. Animals were euthanized by exposure to CO 2 , spleens were removed under sterile conditions, and a single-cell suspension of unlysed splenocytes was prepared by gently pressing the spleens through a 0.2 M mesh cell strainer. Splenocytes were cultured in RPMI 1640 containing penicillin-streptomycin, sodium pyruvate, and nonessential amino acids (Invitrogen, Carlsbad, CA) supplemented with a final 1% mouse serum (Sigma). The number of antigen-specific IFN-␥-producing cells was determined using an ELISpot IFN-␥ kit (Mabtech, Inc., Mariemont, OH) following the manufacturer's recommended procedure and conditions. Briefly, 96-well ELISpot plates (Millipore Corp., Bedford, MA) were coated with 1.5 g/ml of capture monoclonal antibody (MAb) against IFN-␥ (AN18). One-hundred microliters of a cell suspension (2 ϫ 10 6 cells/ml) was added to the wells and incubated with 100 l media only or 100 l media containing either recombinant protein FMP011 (1 or 10 g/ml), a pool of 9 to 11 different peptides (final concentration of each peptide was 0.9 g/ml) as indicated in Table 1 , peptide 102 (2 g/ml), or concanavalin A (5 g/ml) for 35 to 48 h. In some experiments, either 1 g/ml of anti-CD4 ϩ (NA/LE GK1. (20) , while the C-terminal region (amino acids 1630 to 1909 of the native protein) contains the T3 and T5 epitopes (20) . Between these regions are two copies of the 17-amino-acid degenerate repeat (15) . Peptides, 15mers overlapping by 11 and spanning the entire recombinant protein FMP011, were synthesized and used to map cellular immune responses. Not shown is the hex-His tag on the C terminus. 
VOL. 75, 2007 MURINE IMMUNE RESPONSES TO LSA1 PROTEIN FMP011 839
MAb or 1 g/ml of both MAbs was added. After incubation, plates were washed with PBS, and 100 l of secondary biotinylated MAb R4-6A2 against IFN-␥ (1 g/ml) was added. After washing, plates were incubated with 100 l alkaline phosphatase-conjugated streptavidin for 1.5 h, washed, and developed by adding 100 l of ABTS substrate. Spots, corresponding to cells secreting IFN-␥, were enumerated by an automated AID-EliSpot Reader ELHR03 (Cell Technology, Inc., Columbia, MD) and then verified by reexamination of the digital image of each well by eye. Experiments were done in triplicate, and the average number of spots in the stimulant wells was determined. Results were expressed as spotforming units (SFU) per million splenocytes. Intracellular staining and flow cytometry. Splenocytes were resuspended at 2 ϫ 10 6 cells/ml and incubated overnight with media containing 10 g/ml recombinant protein FMP011. All samples received 4 g/ml of anti-CD28 MAb 37.51 (BD Bioscience Pharmingen, San Diego, CA) prior to starting the incubation. After 2 h at 37°C, Golgi Stop (BD Bioscience) was added to each well (1:500, vol/vol), and incubation continued overnight. Cells were washed in PBS, resuspended in 100 l PBS, and stained with 2 g/ml peridin-chlorophyll protein complex (PerCP)-labeled anti-CD4
ϩ MAb RM4-5 or allophyocyanin-conjugated antigen-presenting cell-labeled anti-CD8
ϩ MAb 53-6.7 (BD Bioscience). After 20 min at 4°C, the excess MAb was washed away and the cells were permeabilized by incubating for 20 min at room temperature with cyrofix/cytoperm, washed with perm/wash, and incubated for 20 min at room temperature with phycoerythrin-conjugated anti-IFN-␥ or a phycoerythrin-conjugated matching isotype control. After washing away the excess MAb, cells were resuspended in 500 l PBS and analyzed by flow cytometry with a four-color Becton Dickinson FACS Caliber (BD Bioscience, San Jose, CA). Results are expressed as the percentage of CD4 ϩ or CD8 ϩ T cells specific for FMP011 that also expressed IFN-␥. Statistics. The data presented in Fig. 3A and B were evaluated by analysis of variance (ANOVA); those in Fig. 5A were evaluated by a one-way ANOVA of rank-transformed differences of the FMP011-treated sample minus the corresponding media sample for each mouse; those of Fig. 5B were evaluated by application of the Welch 2 Sample t test; and those of Fig. 6 were evaluated by an ANOVA and a Dunnett's (two-sided) multiple-comparison test.
RESULTS
FMP011 induces humoral and cellular responses in BALB/c mice. BALB/c mice (n ϭ 20/group) were injected with FMP011-adjuvanted AS01B or AS02A. Two additional control groups (n ϭ 10/group) received AS01B or AS02A adjuvant only. Animals from each experimental group and adjuvant control group were sacrificed at specified time points after immunizations. Serum antibodies against FMP011 were measured prior to immunization for all animals and then at indicated times for each set of experiments. The results are reported as the optical density (OD) for a serum dilution of 1:100. Often serum and spleen cells were recovered from the same mouse. As shown in Fig. 2 , all mice receiving FMP011 had detectable antibody titers after a single dose. No individual mouse in the group of mice receiving adjuvant only developed detectable anti-FMP011 antibodies during the duration of the experiment (data not shown). After the second dose of FMP011/AS01B or FMP011/AS02A, the titer of antibody in each group increased. At 1 week after the second dose there was no difference in the mean titer of antibody between the two groups (two-sided t test; P ϭ 0.94). The mean titer levels of the groups did not increase after the third immunization and remained high at least 7 weeks after the third dose.
The number of IFN-␥-producing cells (Fig. 3 ) upon in vitro stimulation with FMP011 or immunodominant peptide 102 2 weeks after the third immunization was 550 per 1 ϫ 10 6 cells and 600 per 1 ϫ 10 6 cells, respectively, when AS01B was used as the adjuvant for FMP011 immunizations. In a similar assay, splenocytes from animals immunized using AS02A responded to the in vitro stimulation with FMP011 or peptide 102 with Ͻ200 SFU per 1 ϫ Mapping the cellular response. BALB/c mice were immunized with FMP011 in AS01B, and 3 weeks after the third immunization spleens were harvested for determination of IFN-␥ production by splenocyte restimulation for 35 to 48 h with 22 different pools of FMP011 peptides. The layout matrix for setting up the peptide pools quickly identified the individual peptides that specifically stimulated the splenocytes (41).
After the initial round of stimulation with peptide pools, individual peptides found in overlapping pools on the matrix were tested singly for their ability to stimulate splenocytes to produce IFN-␥. Peptides 97 (DKSLYDEHIKKYKND), 101 (QVNKEKEKFIKSLFH), 102 (EKEKFIKSLFHIFDG), and, to a lesser extent, 106 (NEILQIVDELSEDIT), each at 0.2 g/ml, had the ability to significantly stimulate splenocytes to produce IFN-␥ when tested alone, thus mapping T-cell epitopes of FMP011 (Fig. 4) . The sequence which is shared between peptide 101 and peptide 102, the most stimulatory peptides, is EKFIKSLFH.
Different strains of mice respond differently to FMP011 immunization. We had previously reported the nonresponsiveness of C57BL/6J mice to FMP011 in Montanide ISA720 (15) . We wanted to determine if this nonresponsiveness was observed when FMP011 was administered with AS01B, an adjuvant shown to induce higher T-cell responses. BALB/c, A/J, or C57BL/6J strains of mice were each divided into two groups (n ϭ 5) and injected with either FMP011 formulated in AS01B adjuvant or adjuvant alone on days 0, 14, and 28. Three weeks after the third immunization animals were sacrificed, splenocytes were harvested, and IFN-␥-producing T cells were enumerated after in vitro restimulation with FMP011 (Fig. 5) . BALB/c mice responded better than A/J mice to FMP011 in vitro restimulation; however, C57BL/6J mice did not respond at all (Fig. 5A ). C57BL/6J mice also failed to produce antibodies against FMP011 (Fig. 5B) , while A/J and BALB/c mice produced nearly equivalent antibodies to the antigen in AS01B or AS02A. CD4 ؉ lymphocytes are the major producers of IFN-␥ in BALB/c mice. To determine if the lymphocytes producing IFN-␥ were CD4 ϩ or CD8 ϩ T cells, BALB/c mice were immunized with FMP011 in AS01B (n ϭ 4) or with adjuvant alone (n ϭ 4) as described above and were sacrificed 3 weeks after the third immunization. IFN-␥ producing cells were enumerated by ELISpot after in vitro restimulation with recombi- FIG. 4 . ELISpot detection of IFN-␥-producing splenocytes from BALB/c mice having received 10 g FMP011 formulated in 100 l AS01B. Cells were stimulated in vitro by individual 15mer peptides. Initial peptide mapping was done with pools of peptides as indicated in Table 1 . Results represent the average of four separate determinations, each done in triplicate. ELISpot analysis showed that peptides 97, 101, 102, and 106 were able to induce IFN-␥ production in a significant number of splenocytes. Splenocytes of similarly immunized mice were analyzed by intracellular staining and fluorescent-activated cell sorter analysis (Fig. 7) . Splenocytes from naïve or immunized mice were cultured in vitro for 24 h in media containing anti-CD28 Ab and Golgi Stop in the presence or absence of 10 g/ml FMP011. Control cells were in media with all except test protein. After incubation, cells were the membrane stained for CD4 ϩ or CD8 ϩ markers and intracellularly for IFN-␥. Stimulation of splenocytes from immunized animals resulted in 0.8% CD4 ϩ IFN-␥-containing cells, 10-fold more than the number identified from animals receiving adjuvant only. Only background levels of CD8 ϩ IFN-␥-containing cells were detected from mice receiving identical immunizations.
DISCUSSION
Of equal importance in the selection of a protein antigen in the development of a malaria vaccine is the selection of an adjuvant. Two clinically tested adjuvants, AS01B and AS02A, contain equivalently proportioned amounts of MPL and QS-21. The two clinically tested adjuvants, AS01B and AS02A, both consist of the two immunostimulants MPL and QS-21 and contain either liposomes or an oil-in-water emulsion, respectively. AS02A has been tested in thousands of human volunteers and has been used in several clinical (14, 32, 34, 43) and field studies of malaria protein antigens (1, 40) as well as clinical trials of vaccines for tuberculosis (26) , hepatitis B virus (42) , and human immunodeficiency virus (28) . AS01B is a new adjuvant formulation being tested as an improvement to AS02A. This study, an investigation of the immunogenicity of FMP011, an P. falciparum LSA1-based protein, in three inbred strains of mice, compares the effectiveness of the two adjuvants to induce cellular and humoral responses.
Administration of FMP011 in either adjuvant, AS01B or AS02A, induced strong humoral and cellular responses in BALB/c mice and, to a lesser extent, A/J mice. C57BL/6J mice, however, produced no antibodies against FMP011 nor developed IFN-␥-producing splenocytes upon immunization with FMP011 in either AS02A or AS01B (Fig. 5) . The genetically restricted nonresponsiveness observed in C57BL/6J mice could not be attributed to the adjuvant alone, as we had previously observed that FMP011 responded similarly in Montanide ISA720 (data not shown). Different haplotypes have different abilities to process and/or present proteins, as could be demonstrated by the excellent generation of LSA1-specific T cells FIG. 6 . IFN-␥ production in the presence of anti-CD4 ϩ or anti-CD8 ϩ antibodies. BALB/c mice were immunized with 10 g FMP011 formulated in 100 l AS01B. Three weeks after the third immunization, splenocytes were harvested and IFN-␥-producing cells were determined by ELISpot analysis. Before in vitro stimulation with FMP011 blocking antibody against CD4 ϩ and/or CD8 ϩ , markers were added to the culture. Results shown are the averages of four determinations Ϯ standard deviations done in triplicate. There is no significant difference in the response seen in cells treated with anti-CD8 antibodies and control FMP011 cells or between cells treated with anti-CD4 antibodies only and those treated with anti-CD4 and anti-CD8 antibodies. However, the level of IFN-␥ production was significantly reduced when cells were treated with any anti-CD4 antibody (P Ͻ 0.05).
FIG. 7. BALB/c mice were immunized with 10 g FMP011 formulated in 100 l AS01B. Three weeks after the third immunization, splenocytes from naïve or immunized mice were cultured in vitro with media only or media containing recombinant protein (10 g/ml FMP011). Cells were membrane stained for CD4 and CD8 markers and intracellularly for IFN-␥. Gated lymphocytes were analyzed for (A) CD4 ). In addition, using ELISpot assays we were unable to detect IFN-␥, IL-4, IL-5, or IL-10 cytokines in response to FMP011 in C57BL/6J mice (data not shown). Lack of specific T cells also implied a lack of help for T-cell-mediated antibody production in C57BL/6J mice. Interestingly, Joshi et al. (19) were able to get C57BL/6 mice to respond to synthetic LSA1 peptides, sequences which are in FMP011. However, the peptides were administered in Freund's complete adjuvant, an extremely strong adjuvant that is not approved for human use. Also, we did not try to immunize C57BL/6J mice with peptides in AS01B or AS02A, therefore it is possible that the nonresponsiveness we observed could have been due to the inability of the mice to process the recombinant protein. It is possible that the failure of C57BL/6J to mount an immune response to FMP011 was that antigen-specific clones, once formed, were not able to survive in the C57BL/6J background either for lack of growth factors or because of the generation of mostly regulatory T cells, which would have caused a suppression of the immune response (38 ) . These results indicate that the lack of an immune response in C57BL/6J mice lies, at least in part, in the inability of the H-2 b major histocompatibility complex to present peptides and/or in the inability of antigen-presenting cells to generate proper peptides to be presented.
After harvesting splenocytes from BALB/c or A/J mice immunized with FMP011/AS01B or FMP011/AS02A, we were able to use pools of peptides in a matrix analysis (Table 1) to identify a very limited number of 15mer peptides and were able to restimulate cells in an ELISpot assay. Further analysis (Fig.  4 ) using single peptides revealed that only peptides 97, 101, and 102 were able to stimulate cells in an ELISpot assay. Peptides 101 and 102 share the common sequence EKFIK SLFH. In vitro IFN-␥ production by T cells upon restimulation with recombinant FMP011 or peptide 102 was significantly but not completely abrogated by inclusion of an anti-CD4 ϩ -specific MAb (Fig. 6) , while inclusion of an anti-CD8 ϩ -specific MAb did not affect the response. Thus, the major producer of the cytokine IFN-␥ in response to immunization with FMP011 in AS01A or AS02B adjuvant appears to be CD4 ϩ T cells. This conclusion is consistent with the observation that intracellular staining of FMP011 in vitro-stimulated splenocytes from immunized mice show that only CD4 ϩ , and not CD8 ϩ T cells, produce IFN-␥ (Fig. 7) .
The important and complex roles of CD8 ϩ and CD4 ϩ T cells in liver-stage immunity to malaria has been investigated in both murine and human systems (4, 21, 22, 33) . Harvesting cells from animals or humans immunized with ␥-spz or collecting peripheral blood mononuclear cells from individuals living in areas where malaria is endemic provides some insight into the contributions of these cells to parasite or disease control (23) . The presence of CD8 ϩ cytotoxic cells has been described in human volunteers after immunization with ␥-spz (46), and CD8 ϩ T cells specific for LSA1 peptides have been found in humans exposed to P. falciparum in areas where malaria is endemic (11) . In the murine ␥-spz model, both CD4 ϩ and CD8 ϩ cells are involved in protection from challenge after immunization. The importance of CD4 ϩ cells is enforced by results from studies of P. yoelii ␥-spz in mice (45) . In vivo depletion of CD4 ϩ cells by infusion of anti-CD4 ϩ antibodies results in suppression of antibody production and loss of protection to challenge. Passive transfer of hyperimmune sera back to these animals did not restore protection, nor did infusion of IL-12. The generation of antigen-specific CD4 ϩ T cells following exposure to P. falciparum has been established (36, 37) . In addition, it has been shown that antigen-specific CD4 ϩ T cells can eliminate P. yoelii-infected hepatocytes from in vitro culture (36) as well as protect against P. yoelii sporozoite challenge by adoptive transfer (36) or induction by active immunization (7, 44) .
At the same time, a large number of murine malaria models have revealed the critical role of IFN-␥-producing CD8 ϩ T cells in the protection induced by immunization with ␥-spz, whereas depletion of CD4 ϩ T cells had no effect (5, 12) . Furthermore, a study in seven inbred strains and outbred mice strongly showed that in the ␥-spz model protection was absolutely dependent on CD8 ϩ T cells, because in vivo depletion of CD8 ϩ T cells completely eliminated protective immunity. In some of the mouse strains the CD4 ϩ T cells were neither sufficient nor required for the effector mechanism (12). In our model of immunization, however, we used a large protein as the immunogen, thus, we were more likely to generate CD4 ϩ cells. Our data indicate that CD4 ϩ T cells produced the majority of the detectable IFN-␥ (Fig. 7) . Blocking of the CD4 coreceptor in the ELISpot mixture resulted in a significant abrogation of IFN-␥ production, which is consistent with CD4 ϩ cells being the major IFN-␥ producers in this experimental vaccine model. However, we cannot exclude a role for CD8 ϩ cells, as they may produce IFN-␥ at a concentration not detectable by intracellular staining but still be biologically relevant in vivo. The failure to detect a function of the anti-CD8 ϩ blocking antibody may be due to an incomplete block of the coreceptor. More important, we have not investigated in this study other effector functions, such as cytotoxicity. It is possible that specific CD8 ϩ cells generated by immunization with FMP011 are cytotoxic and/or produce cytokines other than IFN-␥. Nevertheless, the appearance of an immune response to the vaccination with FMP011 is encouraging. Moreover, CD4
ϩ macrophages may contribute to IFN-␥ production. Although preliminary experiments indicate that the IFN-␥-secreting CD4 ϩ cells are CD3 ϩ (data not shown), a more complete investigation on the phenotype of IFN-␥-producing cells is in progress. Taken as a whole, experimental and epidemiological evidence has demonstrated that distinct T-cell-dependent immune responses against liver-stage antigens can be part of a sterile and protective immune response. Furthermore, the data suggest that a vaccine based on liver-stage antigens that are effective in stopping the development of parasites following a sporozoite challenge could be feasible. Tantamount to success, however, is the requirement that the vaccine should induce IFN-␥-mediated immune responses. The FMP011 protein, delivered in AS02A, and even more so if delivered in AS01B, fulfills that requirement in two of the mouse strains tested here. 
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